Covalent adaptable network (or dynamic covalent network) polymers can alternate their network topology through bond exchange reactions, whereby an active atom replaces an atom in an existing bond, resulting in a new bond and a new active atom. This process repeats itself numerous times in the network, bestowing interesting material behaviors, such as stress relaxation, surface welding, self-healing and recycling, upon the network. In this paper, molecular dynamics simulations are used to investigate surface welding due to bond exchange reactions in an epoxy system. Two epoxy networks are constructed and brought into contact, and bond exchange reactions are then activated. The trajectory of active atoms is tracked, which shows how the active atoms cross the interface. Based on simulation results, this work analyzes the influence of welding conditions, such as welding time, welding temperature, degree of polymerization and crosslinking density of original networks, on the mechanical properties of welded materials. These parameters determine the number of connected bonds on the interface, which consequently affects the welding performance. Eventually, with a sufficiently long welding time, the system can fully recover the same modulus and yielding stress as those of a fresh network. Finally, the active atoms' penetration depth, obtained from MD simulation, shows good agreement with the predictions of some existing theories.
Introduction
Thermosetting polymers are ideal candidates for various structural or composite applications 1 due to their stable thermomechanical properties at high temperatures and their excellent resistance to environmental attacks, such as heat, chemicals, UV irradiation, etc.
2 However, reforming and recycling these materials is inherently difficult because of their permanently cross-linked networks. Recently, controllable and reversible bond structures have been incorporated into thermosetting networks to render covalent adaptable networks (CANs) (also known as dynamic covalent networks (DCNs)). Such polymers combine the desirable attributes of conventional thermosets with malleability and recyclability. [3] [4] [5] [6] [7] [8] CANs are classied into two types, where the dynamic structures are achieved either by reversible depolymerization with equilibrium shiing, as in the classic Diels-Alder (DA) reaction, [9] [10] [11] [12] [13] or through the recently developed bond exchange reactions (BERs). No matter which mechanism is chosen, CANs exhibit two features not found in traditional thermosetting polymers: malleability resulting from signicant stress relaxation, [14] [15] [16] and surface welding. 15, 17 To further illustrate the process of BERbased surface welding effect, we drew a schematic graph as shown in Fig. 1 . An active unit crosses the interface (Fig. 1a) and attaches to an existing bond on the other side of the interface (Fig. 1b) ; this leads to the release of an active unit and a newly formed bond. The new active unit continues to repeat the reaction (Fig. 1c) , and polymer chains gradually accumulate and weld the interface.
The surface welding effect in CANs enables self-healing, reprocessing and recycling of thermosetting polymer. [18] [19] [20] [21] [22] For example, Chen et al. 13 described a remendable material capable of multiple cycles of crack healing using a DA reaction. This method does not need additional ingredients such as catalysts, monomers or special treatment of the fracture interface. Amamoto et al. 19 investigated a light sensitive CAN based on an addition-fragmentation chain transfer. Photo-induced selfhealing was achieved where the BERs occur upon exposure to light in the presence of a radical-based photo-initiator. Recently, Leibler and his co-workers 15 introduced thermal sensitive CAN epoxy that employs transesterication type BERs, which can be easily controlled by temperature. Such a polymer system does not require additional monomers or radical generators, and enables complete reprocessing and recycling of the thermosetting network.
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While the plastic ow and stress relaxation in CANs have been intensively studied recently, 6,24,25 our understanding of the surface welding effect is still limited. Previously, Stukalin et al. studied welding kinetics by using a scaling theory. There, the diffusion of polymer chains across the interface is correlated with their pervaded volume during the Rouse-type motion, which is subsequently used to scale the interfacial chain density and network penetration. A similar approach is employed in the recent work of Yu et al. (Yu et al., 2015) , where the crosslinking feature of CANs is generalized into a lattice geometry. The diffusivity of polymer chains is based on the BER kinetics, and an explicit expression of chain density evolution is derived. In these theoretical studies, a general conclusion is that the surface welding in CANs is a diffusion driven process. The welding efficiency can be directly related with the BER kinetics, and hence depends on the processing conditions, such as welding time and temperature.
The macromolecular level details can be further illustrated by molecular dynamics (MD) simulations. For example, Ge et al. 26 investigated the entanglement and inter-diffusion of polymer chains across the interface during the welding of thermoplastics. For bond exchange reactions (BERs), Rottach et al. 27 used MD simulations to investigate stress relaxation of sequential crosslinking and scission of polymer networks. However, their method was a coarse-grained approach with spring-bead models that ignore detailed macromolecular structures. In addition, their work focused mainly on stress relaxation. To account for the detailed macromolecular structures of CANs with BERs, we recently developed a new MD simulation approach for the epoxy system by Leibler and his coworkers, 15 where the transesterication reaction was used as the exchange reaction. 28 Our MD simulations in the bulk material conrmed the diffusion nature of BER in the crosslinked network. In this paper, we study the surface welding behavior of thermally activated CANs by using the MD simulation method developed in our previous work, with the goal of describing how the active atoms cross the interface via BERs and of understanding how different processing conditions can affect the efficiency of surface welding. The material chosen is the epoxy network. We use our previous simulation method to construct two epoxy networks with a small gap between them; then we allow BERs to cross the interface to weld the two surfaces. Aer welding, we compare the mechanical properties of the welded materials with those of the fresh sample. In addition, systems with different degree of crosslinking, crosslink density, and welding temperatures are built to investigate their inuences on the welding efficiency. Finally, the number of connected interfacial bonds and the penetration depths of polymer chains across the interface in the MD simulations are compared with those predicted by existing theoretical works.
Simulation details
Before the simulation of surface welding, two epoxy networks with exchangeable bonds are built, with diglycidyl ether of bisphenol A (DGEBA) as the monomer and tricarballylic acid as the crosslinking agent. They will respectively provide ester and hydroxyl groups for bond exchanging in transesterication reactions. The molecular structures are shown in Fig. 2 . All the simulations are performed using PCFF forceeld 29 and LAMMPS MD soware 30 as provided by Sandia National Laboratories. The Nose-Hoover thermostat and barostat 31, 32 are used for temperature and pressure control respectively.
Each network consists of 90 un-crosslinked epoxy resin DGEBA molecules and 60 crosslinking agent tricarballylic acid molecules. The total number of atoms for the two lms is 10 860. The molecular structures are shown in Fig. 2a , where a DGEBA has two active sites, and a tricarballylic acid has three active sites to be crosslinked. The coordinate system is shown in Fig. 1a , where the x-direction is the horizontal direction, z is the vertical direction, and y is the direction point inside of the paper. Periodic boundary conditions are applied along the xand y-directions. For each lm, the z-direction height is maintained at 36 A using two repulsive conning walls. The structure is rst equilibrated at a temperature T ¼ 450 K and the atmosphere pressure. The crosslinking procedure uses the methodology we previously developed, 28 which combines the methods by Wu and Xu 33 and by Varshney et al. 34 Briey, the distances between two active units are measured in each iteration; any two active atoms whose distance is less than the cutoff distance (4.5 A) are bonded together; then an energy minimization procedure and an MD procedure are performed to relax the structure. Aer 32 iterations of the crosslinking simulation, 97.22% percent of the active atoms are crosslinked. The x-and y-directions' dimensions are 42 A and 46 A aer crosslinking. The glass transition temperature (T g ), which is measured by the change in thermal expansion coefficients through a MD simulation of temperature scan, is 330 K.
The BER is the transesterication reaction, which is shown in Fig. 3a . In order to simulate the welding process, a small gap of 1 A is rst created between the two networks by placing two rigid walls (Fig. 3b ) when each network is built. Once the crosslinked epoxy systems with a gap of 1 A are built, transesterication reactions are allowed for bond exchange. We use the same method to simulate the BER process in bulk materials in our previous work. 28 If the distance of the active atoms is below the cutoff distance we dened, we connect the active atom to the existing bond; we then check the bond energy in both the new and the old bonds. If the new bond has lower bond energy, the BER occurs. For the simulations that consider temperature effect, an additional Monte-Carlo procedure is taken. Specically, a probability is calculated based on temperature and is compared with a random number. If the number is smaller than the probability, the BER occurs. Aer the rst BER occurs between the two epoxies, the wall in the middle is removed (Fig. 3c ). The total volume is held constant, and 300 BER iterations are performed on the system.
Simulation results

Stress relaxation behavior
When the covalent adaptable network is stretched, BERs cause stress relaxation, which is a measurable process that can be used to characterize BERs in both macroscopic material testing as well as MD simulations. We rst conduct the stress relaxation simulation to obtain the stress relaxation time due to BERs. Here, a crosslinked system consisting of 10 860 atoms is built to investigate the stress relaxation behavior. The T g of such a system is measured as 334 K. The system is stretched in the zdirection to 30% strain at the temperature of 450 K with the loading rate of 1 Â 10 9 s À1 . Then the BER process is performed at 450 K. Aer each BER iteration, the stress in the z-direction is calculated, as shown in Fig. 4 . By using an exponential function for tting, 23 the stress relaxation time is estimated to be 4.2 ns, which is slightly higher than that measured in our previous work. This might be due to the different boundary conditions used. In our previous work, the z-direction periodic boundary condition was used; in the current work, the surface welding consideration rules out the periodic boundary condition in the z-direction.
The trajectory of active atoms across the interface during welding
In a BER, an active atom reacts with an existing functional group rst, leading to one atom of the functional group being kicked off, resulting in a new functional group and an active atom. Fig. 5 presents the relay of the active atoms during the BER iterations. The active atom (oxygen, purple color) at the end of a chain (blue color) in the upper lm approaches a functional group (green color in the red chain) in Fig. 5a , then reacts with it by forming a new connected chain (blue color and red color) and a new chain (red color) with an active atom (Fig. 5b shows atoms at the moment of new bond formation). The tertiary structure in Fig. 5b is not stable and the old bond breaks, releasing a new active atom (oxygen, green, Fig. 5c ), which continues to search for another functional group and react with it (cyan pair) in Fig. 5d . Once the red atom forms a new bond with one cyan atom (carbon), another cyan atom (oxygen) is kicked off and becomes active again. This process continues. Because of this relay, the active atoms can cross the interface and make the two lms weld together. Fig. 6 shows the trajectories of two BER relays, with the dots representing the positions of the active atoms right aer the BER reaction. In Fig. 6 , the two networks are plotted in their initial congurations to show the trajectory of active atoms crossing the interface. It can be seen that the movements of active atoms occur in both directions: one BER relay moves from the lower material to the upper material, whereas the other one moves from the upper to the lower one. It should be noted during the BER iterations, the upper and lower materials also slightly penetrate into each other, as shown in Fig. 5 . However, as will be shown later, these penetrations do not offer welding, because each material is a crosslinked network.
Bonds that cross the interface
During surface welding, the number of bonds that cross the interface increases with welding time. Yu et al. (2015) recently developed a lattice model to capture the evolution of chain density across the interface, which depended on the BER kinetics in the bulk material. There, N lattice layers with a distance of Dx on each side were considered, and the evolution of normalized chain density on the interface was expressed as:
with s n ¼ 2N 2n À 1 2 3 2Kp 2 , and C n ¼ À
where N ¼ 2 is the number of lattice layers parallel to the interface. N is determined to be the network thickness in the following MD simulation divided by the size of each lattice, which is comparable to the radius of gyration of polymer chains. n 0 is the chain density and is used to normalize the bonds crossing the interface. K ¼ 1 s , and s represents the relaxation time and is taken to be 4.2 ns, as measured by the stress relaxation curve in the MD simulation (Fig. 4) . Fig. 7 plots the normalized number of bonds crossing the interface in both the MD simulation and the theoretical prediction. Here, the normalized number of bonds is calculated by using their respective saturation values, and the time is normalized by 
Mechanical properties during welding process
MD simulations are performed at 450 K to examine the uniaxial tension behavior of the fresh epoxy network and the welded network aer a given number of BER iterations is nished.
During the simulation, the length of the simulation box is continuously stretched along the z-direction. In all the cases, the loading strain rate is 1 Â 10 9 s À1 and the maximum strain is up to 80%. The stress-strain curves are shown in Fig. 8a . Here, we normalize the time by the BER relaxation time s BER ; this is based on the denition in our previous work, where s BER is calculated as the average time required for a BER to occur per active unit in the material. In this case, we have 360 active units and there are 2850 BERs in 10 ns. Therefore, s BER ¼ 1.26 ns. At the welding time of 8.73s BER (11 ns with $110 iterations of BERs), the stress-strain behavior of the welded network is almost the same as that of the fresh network, which indicates a complete welding between the two lms. For the sake of convenience, we refer to such networks as the fully welded networks. Fig. 8b shows the initial Young's modulus as a function of the normalized time (measured from the beginning of BER reactions; the time is normalized by s BER ). It can be seen that the modulus of the welded system increases with time. The modulus reaches its maximum value of 600 MPa at $8.73s BER . It should be noted that even at 0s BER , when there is no BER in the welding system, the interaction between the two lms can still provide some resistance to deformation, as evidenced by the small stress for the 0 ns curve. The structure congurations of the system aer different numbers of BERs occurred at the strain of 40% are presented in Fig. 8c . It can be seen at 0 ns, the two materials can be separated easily. For the systems with 3.17s BER and 6.35s BER of welding times, the two surfaces are still partially connected at 40% strain. Increasing the welding time will reduce the size of the unconnected region on the interface during the stretching, which improves the mechanical properties of the welded sample.
Effect of degree of polymerization
Two systems with different degrees of polymerization (DOP) (80.96% and 97.22%) are built to investigate its effect on the welding behavior. Here, the DOP is dened as the fraction of crosslinked monomers in the bulk material. In order to investigate the effects of DOP, we let it remain a constant without invoking the crosslinking procedure during the BER simulations. The T g s of the two systems are 316 K and 330 K, respectively. Fig. 9 shows the welded structures of the 80.96% DOP system at 13.49s BER ($170 iterations), and the 97.22% DOP system at 8.73s BER ($110 iterations), respectively. It can be seen that the lower DOP leads to more penetration of two materials than that in the higher DOP system. However, the stress-strain behaviors show that it takes more time for the lower DOP system to be welded together. The stress-strain behaviors of the system with the lower DOP shows $13.49s BER for welding the two networks; only 8.73s BER is needed for system with a higher DOP (Fig. 8a ). This might be because the system with a lower DOP has a larger average distance among monomers, which reduces the chance for BERs and requires a longer time period to weld.
Effect of crosslinking density
Two systems with different crosslinking densities (CDs) are built to investigate its inuence on the surface welding behavior. The CD is changed by adjusting the stoichiometry of the reaction system. In particular, one system has one DGEBA monomer between two crosslinking sites (S1 system), while the other system has two DGEBA monomers (S2 system). The densities of two systems are 1.04 g cm À3 and 1.02 g cm À3 ,
respectively. The relative molecular masses of the two systems are 340 and 680, respectively, designated as M c . Crosslinking density can be expressed as follows:
where n is the crosslink density, r is the density of the system. Therefore, the crosslink density of the two systems are 0.003 cm À3 and 0.0015 cm À3 , respectively. The T g s of the two systems are 330 K and 320 K, respectively. For S1, it takes 8.73s BER ($110 iterations) for the two surfaces to be welded together; for S2, it takes 6.35s BER ($80 iterations). Aer a given number of BERs is nished in both systems, the comparison of welded structures is shown in Fig. 10a . The number of BERs is plotted in Fig. 10b ; it can be seen that more BERs occurred in the S2 system. This is because the ratio of active oxygen to active carbon is 1 : 1 in the S1 system; however, their ratio is 2 : 1 in the S2 system, which leads to more probabilities for BERs to occur.
Effects of temperature
It is well known that increasing the welding temperature increases the mobility of polymer chains. However, a larger free volume at a higher temperature also increases the distance that active atoms must travel before reaching another available site. In this manner, the rate of exchange reactions, stress relaxation and surface welding in adaptive networks depend on the competition between these two effects. In previous theoretical studies, 17 the thermal expansion of a polymer network is usually assumed to be minimal, so the second effect is neglected. To study this assumption, we investigate the temperature dependency of stress relaxation and surface welding by setting the temperature to be 420 K and 450 K respectively. The rate of BERs follows an Arrhenius law:
where k is the rate constant of a chemical reaction, T is the absolute temperature in kelvin, A is a prefactor, E a is the activation energy, R is the universal gas constant. By setting E a ¼ 68.18 kJ mol À1 , and R ¼ 8.314 J (mol K) À1 , we determine that the reaction rate at 420 K is 27% of that at 450 K. In order to consider the temperature dependency of BERs, in addition to the previously mentioned distance and energy level judgment criterion, we add a Monte-Carlo procedure to determine the occurrence rate of BERs. Specically, a probability is calculated based on eqn (3) and is normalized to 1 at T ¼ 450 K. To enable Monte-Carlo procedure, a random number is generated and compared with the probability. If the random number is smaller than the probably, BER occurs. The number of BERs at 450 K and 420 K during the BER process are plotted in Fig. 11a . The total number of BERs aer 7.94s BER ($100 iterations) is 1242 and 2850 at 420 K and 450 K, respectively, which shows clearly that a higher temperature leads to more BERs. It is noted that s BER at 450 K is used to record the welding time. Fig. 11b plots the stress relaxation curves at 420 K and 450 K. It can be seen that the stress is relaxed slower at the lower temperature. By using a simple exponential function, we are able to measure the relaxation time and energy barrier according to the method developed by Yu et al., 23 where the stress relaxation time is calculated as
From eqn (4), the calculated energy barrier is $67.67 kJ mol À1 , which is close to the E a used in eqn (3). Therefore, we can conrm that the increased free volume in the network has a negligible effect on the rate of BERs and surface welding. Fig. 11c shows the welded structures at 450 K and 420 K, where the welding time is 6.35s BER . It is seen that the deepest penetration length at 450 K ($31.04 A) is higher than that at 420 K ($20.97 A), which results from the increased chain mobility and rate of BERs at the higher temperature. This also leads to more bonds being formed between two lms at the temperature of 450 K, as shown in Fig. 11d . Our simulation results are consistent with the previous study by Shojaei et al., 36 on the healing behavior of shape memory polymers, where a higher temperature leads to faster chain diffusion and faster healing process.
The system with deeper penetration also leads to a higher strength of the welded system. As seen from stress-strain curves in Fig. 11e , when the welding time is 6.35s BER , the yielding stress of the system at 450 K is nearly two times that at 420 K. However, aer 8.73s BER ($110 iterations) and 24.6s BER ($310 iterations) at 450 K and 420 K, respectively, the two welded systems have the same mechanical properties as the fresh sample (results not shown). This indicates that a high welding temperature promotes a faster welding speed, but will not affect the ultimate properties of the welded sample.
Discussion
Effect of initial gap
In our simulations, we set an initial gap between the two surfaces before the BER simulation starts. The gap is dened as the distance between the lowest atom of the upper material and the highest atom of the bottom material. Here, we further examine how the initial gap affects the simulated welding process. Fig. 12 plots the normalized time required before the rst BER occurred between the two networks at different gap distances where the time is normalized by s BER . It is seen that if the gap is increased, the time required for the rst BER is exponentially increased. For example, when the gap length is 0.5 A, the rst BER takes only $0.2s BER , while this number is increased to $2.58s BER when the gap length is 2 A. Such an increased idling time before the rst BER will lead to a lower welding efficiency in the adaptive networks. This also agrees with experimental observations that a higher pressure can promote a faster welding process, as the pressure can enhance a closer contact between the two surfaces. 
Penetration depth during the welding process
In the following, we examine the penetration depth of polymer chains during the surface welding, and compare the simulation results with the predictions from existing theories. The structure congurations during welding process are presented in Fig. 13a , which shows clearly that the penetration of active atoms into the two lms increases with the welding time. The measured penetration depth is plotted in the red curve in Fig. 13b as a function of time.
Previously, Stukalin's et al. 17 studied the surface welding of unentangled polymer networks. If we assume relatively higher bonding strength, the surface welding is dominated by hopping diffusion of exchangeable bonds, and the diffusivity D H is written as:
where R 0 z bN 1/2 , s b is the average time two stickers spend in a bonded state before a successful separation on molecular distance. The deepest penetration depth of polymer chains during the surface welding is related to the diffusivity as: 
Leibler and coworkers 24 considered that the motion of polymer chains is conned in a tube, with a diameter of a y bN 1/2 . Here a is average end to end distance, with b denoting monomer length, and N denoting the number of monomers between two crosslink sites. By considering the Rouse type diffusion of single polymer chains in the conning tube, the network diffusivity is written as: 
The average penetration depth of polymer chains during the surface welding can be expressed as:
During the MD simulation, the lifetime of free stickers during the BER process is shown in Table 1 . Based on the measured life times, we are able to predict the penetration depths by using eqn (6) . This prediction, together with the prediction obtained by using eqn (8) , is compared with the simulation results as shown in Fig. 13b . It is seen that the penetration depth from MD simulation matches very closely with the prediction from Stukalin's theory, but the Leibler's theory predicts a relatively smaller penetration. This observation is consistent with our previous demonstration that the diffusivity measured from MD simulation is close to Stukalin's work. In such case, Stukalin's theory serves as a good supplement to consider the interactions and restrictions between neighboring polymer chains.
Conclusions
In this paper, we investigated the surface welding behavior of covalent adaptable network polymers with thermally induced bond exchange reactions by using a full atomistic molecular dynamics simulation. The simulations revealed how an exchangeable bond undergoes bond exchange reactions, as well as the trajectory of active atoms across the interface during surface welding. Based on the simulations, we analyzed the inuence of welding conditions and material properties, such as welding time, temperature, network crosslinking density and degree of polymerization etc., on the performance of welded samples. Specically, it was found that both modulus and yield strength will increase with the welding time and temperature, and eventually they will reach the same level as those of the fresh sample. For the crosslinking density, a lower crosslinking density will result in a shorter welding time. It is also interesting to found that a lower degree of polymerization will lead to a slower surface welding between covalent adaptable networks. Finally, the penetration depth of a polymer chain across an interface is obtained from molecular dynamics simulations and compared with theoretical predictions. It is concluded that the entanglement of polymer chains will notably reduce the diffusivity. When such a network is considered, both Leibler's theory and Stukalin's theory can predict the penetration depth and the Stukalin's theory is close to our molecular dynamic simulations.
